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ABSTRACT Formation of male-specific structures and
regression of female primordia are regulated in early male
embryogenesis by SRY, a singe-copy gene on the Y chromo-
some. Assignment of SRY as the testis-determining factor in
eutherian mammals is supported by molecular analysis of
cytogenetic sex reversal (i.e., XX males and XY females) and
by complementary studies of transgenic murine models. Here
we characterize the putative DNA-binding domain of SRY,
which contains a conserved sequence motif shared by high-
mobility group nuclear proteins and a newly recognized class
of transcription factors. The SRY DNA-binding domain spe-
cifically recognizes with nanomolar affinity proximal upstream
elements (designated SRYe) in the promoters of the sex-specific
genes encoding P450 aromatase and Muflerian inhibiting sub-
stance (MIS). P450 aromatase catalyzes the conversion of
testosterone to estradiol, and in the male embryo its expression
is down-regulated. Conversely, MIS is expressed in the male
embryo to induce testicular differentiation and regression of
female reproductive ducts. SRYe-binding activity is observed in
nuclear extracts obtained from embryonic urogenital ridge
immediately preceding morphologic testicular differentiation.
Our results support the hypothesis that SRY directly controls
male development through sequence-specific regulation of tar-
get genes.

Morphogenesis and pattern formation are regulated by de-
velopmental programs of selective and sequential gene ex-
pression (1). Sexual dimorphism in the embryogenesis of
eutherian mammals provides a model for a genetic switch
between alternative programs (2-4). In humans the male
phenotype is determined by a gene or set ofgenes on the short
arm of the Y chromosome (5). SRY, a single-copy gene in
interval lA1 (6), has recently been identified as encoding the
testis-determining factor, the master switch that initiates a
cascade of events leading to testicular differentiation and
male development (7-9). This genetic program involves both
positive and negative regulation: induction of male-specific
tissues and regression of female primordia (Fig. 1). Critical
elements of the downstream pathway are regulated by auto-
somal loci, including those encoding Mullerian inhibiting
substance (MIS) (10, 11) and P450 aromatase. MIS, a member
of the transforming growth factor ( (TGF-(3) family (12), is
responsible for regression of female reproductive ducts in
male embryos; P450 aromatase (13, 14) catalyzes the con-
version of testosterone to estradiol during female gonadal
specification and is down-regulated in the male embryo (15,
16). The molecular mechanisms involved in these and other
pathways (17) of gene expression in early vertebrate devel-
opment represent problems of fundamental importance.
SRY contains a motif [designated the HMG box, for

high-mobility group (6, 7)] that is shared by a newly recog-
nized family of transcription factors (18). This homology

suggests that SRY likewise encodes a sequence-specific
DNA-binding protein. Indeed, weak sequence-specific DNA
binding by SRY has recently been observed to DNA target
sites of other HMG-box proteins: an insulin-responsive ele-
ment [IRE-A (19)] and enhancer elements of the T-cell
receptor gene [TCF-la-binding sites (20)]. The significance of
such binding is supported by analysis ofmutant SRY domains
identified among human XY females: loss of DNA-binding
activity is associated with incomplete male development (19,
20). However, the low affinities of the IRE-A/TCF-la DNA
sites and their unclear physiologic relationship to male de-
velopment suggest the existence of a distinct family of SRY
response elements. Accordingly, we have investigated the
DNA-binding properties of the SRY HMG box in relation to
genes involved in gonadal differentiation. Because of the
presumed importance of P450 aromatase and MIS in sexual
dimorphism (2, 3, 10, 11, 15, 16), we have focused on
potential SRY target sites in the promoter regions of these
genes.

MATERIALS AND METHODS
SRY Expression. The SRY HMG box (85 residues) was

expressed in Escherichia coli as a thrombin-cleavable fusion
protein (pGEX-2T vector; Pharmacia) using primers 5' ATG
GGATCC CATATG CAG GATAGA GTGAAG CGA CCC
and 5' AAGGGA TCC TTAATT CTTCGG CAG CAT CTT
CGC [bp 579 to 835 as identified (6)]. Four nonnative residues
(Gly-Ser-His-Met) were expressed at the N terminus of the
cleaved peptide (designated SRY-p).

Protein Purification. The fusion protein was expressed in E.
coli strain DH1. The cell lysate (pH 8.0, 100 mM NaCl) was
mixed with 0.6 vol of glutathione agarose; SRY-p was re-
moved from the agarose-carrier protein complex by thrombin
cleavage. Final purification (>98% by SDS/PAGE) was
achieved by using FPLC chromatography (Pharmacia) with
an 8-ml phenyl-Superose column (gradient conditions: 1.5-
0.0M (NH4)2SO4 atpH 7.0; SRY-p was eluted at 0.75 M). The
primary structure ofthe peptide was confirmed by N-terminal
sequencing and amino acid composition.
DNA Probes. The human MIS and rat P450 aromatase

promoters were obtained by PCR of pP3 and pArom-CAT
(10, 13). Synthetic oligonucleotides were obtained from Oli-
gos, Etc. (Wilsonville, OR).

Gel Retardation Conditions. Duplex 32P-labeled oligodeoxy-
nucleotide and protein were combined and incubated for 30
min at 40C in 10 mM Tris-HCl, pH 7.4/50 mM NaCl/2 mM
MgCl2/0.5 mM dithiothreitol/4% (vol/vol) glycerol contain-
ing poly(dI-dC) at 40 .g/ml.
DNase Protection Conditions. Reactions were in 12% (vol/

vol) glycerol/10 mM Tris HCl, pH 7.4/50 mM NaCl/2 mM
MgCl2 in 20 1.d. After 30 min at 40C, 20 p.l of 10 mM MgCl2/5

Abbreviations: MIS, Mullerian inhibiting substance; TGF-,f, trans-
forming growth factor 3; HMG, high-mobility group; IRE-A, insulin-
responsive element A.
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FIG. 1. Proposed pathway of sexual dimorphism in mammalian development. At day 12 of male rat embryogenesis (days 35-40 in human)
expression ofSR Yin the indifferent urogenital ridge initiates testicular differentiation (Wolffian duct; right-hand branch) and regression offemale
primordia (Mullerian duct; left-hand branch). Possible roles of downstream factors Mullerian inhibiting substance (MIS) and P450 aromatase
are indicated. Shaded arrow indicates proposed indirect role of aromatase down-regulation in male differentiation.

mM CaC12 was added, reaction mixtures were warmed to
room temperature for 1 min and treated with DNase I (-0. 1
ng) for 1 min, and reactions were terminated with 5 Al of 3 M
sodium acetate, pH 5.2/0.25 M EDTA containing tRNA at
0.2 mg/ml and 50 A.l of phenol/chloroform.

Polyclonal Antisera. To obtain polyclonal antisera to
SRY-p, FPLC-purified SRY-p (100 ,ug in complete Freund's
adjuvant) was injected into the popliteal lymph nodes ofNew
Zealand White rabbits. Booster injections of 25 A&g in incom-
plete Freund's adjuvant were given 1 and 2 months later.
Serum was collected at serial intervals and purified by pre-
cipitation with (NH4)2SO4 and chromatography on staphylo-
coccal protein-A-Sepharose.

Nuclear Extracts. Nuclear extracts (21) were obtained from
staged microdissected embryonic and postnatal tissues. Em-
bryonic days 11.5-13.5 of rat gestation were chosen to
correspond to embryonic days 10.5-12.5 in the mouse (22).
Sprague-Dawley rats (Holtzmann, Madison, WI) were used
in accord with the protocol for animal use approved by the
institutional review board of the Massachusetts General
Hospital (accession no. 88-1186).

Spectroscopy. Circular dichroism spectra were obtained at
peptide concentrations of 10 and 100 ,M and pathlength 0.1
cm in an Aviv spectropolarimeter equipped with a tempera-
ture-control unit. 'H-NMR spectra were obtained at 500 MHz
at the Harvard Medical School NMR Facility.

RESULTS AND DISCUSSION
Peptide Characterization. SRY-p is monomeric at a peptide

concentration of 100 ,uM as determined by FPLC size-
exclusion chromatography. Circular dichroism (Fig. 2A)
indicates a helix content of40-50%, which does not vary with
protein concentration. Thermal unfolding of SRY-p is coop-
erative and reversible (Fig. 2A Inset). The 1H NMR spectrum
of SRY exhibits a broad range of secondary shifts charac-
teristic of a folded domain (Fig. 2B). These results demon-

strate that the SRY HMG box encodes an autonomous
domain.
Promoter Footprints. The proximal promoter regions of the

mammalian MIS (23) and P450 aromatase (13, 14) genes
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FIG. 2. (A) Far-ultraviolet CD spectrum of SRY-p in phosphate-
buffered saline (pH 7.4) demonstrates the presence of ordered
secondary structure; the content of a-helix is estimated to be
40-50%. (Inset) Cooperativity of protein folding is indicated by
thermal unfolding studies. The monitoring wavelength was 222 nm,
and data are shown as a percentage of initial ellipticity ([G]0). (B) The
500-MHz 'H-NMR spectrum of SRY-p at 5°C and pH 3.7 (0.1%
deuterated acetic acid) demonstrates dispersion of chemical shifts.
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FIG. 4. (A) Binding of SRY-p protein to a low-affinity
CTCTTTGAG (-143 to -134 in the human MIS promoter;
3A) and analogs is demonstrated by using the gel-retardatio
The analogs were chosen to resemble the high-affinity site SJ
M3 analog containing two transversions (CTGTTTGTG; -4;
in the human MIS promoter) partially regains high-affinit)
binding. Lane 1, wild-type M3 DNA in the absence of SRK
2, wild-type M3 DNA in the presence of25 ,uM SRY-p; lane 3
M3 DNA CT[C -* G]TTTGAG in the absence of SRY-p;
mutant M3 DNA CT[C -- G]TTTGAG in the presence ol
SRY-p; lane 5, mutant M3 DNA CTCTTTG[A - T]G in the
of SRY; lane 6, mutant M3 DNA CTCTTTG[A -- T]C
presence of 25 ,uM SRY; lane 7, double mutant M3 DNA G(
-. G]TTTG[A -- TIG in the absence of SRY; and lane 8
mutant M3 DNA GGGCT[C -- G]TTTG[A -- T]G in the I
of 25 IzM SRY. Relative amounts of protein-DNA complex
lane (normalized for total radioactivity) were determined t
phorlmager analysis (Molecular Dynamics, Sunnyvale, C.
half as much radioactivity was loaded in lane 8 as in
accounting for the apparent difference in the intensity of th
bands. The autoradiogram was overexposed to reveal the
difference between low- (lane 2) and high-affinity (lanes 6and
(B) Stage-specific expression of SR Ye-binding activity in
extracts obtained from embryonic day 12 (E12) urogenil
(unsexed) in the absence (lane 2) and presence (lane 3) of ar
competitor antiserum; no gel shift is observed in the ab;

constants (Kapp) are <4 nM (aromatase) and 8 nM (MIS).
Discrete regions ofprotection (DNase footprints) indicate the
presence of one or more binding sites in each promoter
fragment. These regions contain similar sequence elements,
which we designate SR Ye. No DNase protection was ob-

9 served in control studies of promoter fragments from the
simian virus 40 early region and the a-gonadotropin gene. In
analogous DNase protection studies an apparent dissociation
constant of 6 ,LM was observed between an SRY fusion
protein and a control element in the promoter of the insulin-
responsive gene for glyceraldehyde-3-phosphate dehydroge-
nase (19).

Oligonucleotide Binding and Mutational Analysis. To inves-
tigate the SR Ye site in more detail, a series of oligonucleo-I tides were synthesized, and their SRY-binding properties
were analyzed by a gel-retardation assay (24). Two specific
binding sites were observed in a 30-mer duplex oligonucle-
otide (containing human MIS base pairs -69 to -45). Addi-

:- tional gel-retardation experiments demonstrate that a 15-bp
oligonucleotide containing this site (-63 to -49; designated
SR Ye,) forms a single specific complex with SRY-p (Fig. 4A).
The sequence of SR Ye, (5'-GGGGTGjTTITGCAG and

complement, 5'-CTGCACAAACACCCC) is similar but not
identical to the sequences of IRE-A and TCF-la-related
enhancer elements (5'-CAGCCTTTGAAAGAA and 5'-
AAGCCCTTTGAAAA, respectively). In control studies
these sites exhibited only weak binding to SRY-p (Kapp 100
,uM), in accord with previous studies (19, 20). In fact, a
sequence closely related to the IRE-A/TCF-la elements
occurs further upstream in the MIS promoter (5'-GGGC-
TCTTTGAGAAG; base pairs -145 to -131; designated M3
in Fig. 3A). This region does not exhibit DNase protection
under conditions in which SRYe is fully occupied; corre-
sponding oligonucleotides exhibit weak SRY-p binding (com-
parable to that of IRE-A and TCF-la-related oligonucleo-
tides). A single A -* T transversion in the MIS upstream
sequence confers 5-fold-enhanced SRY-p binding (Fig. 4A;
lanes 6 and 8); an additional 2-fold enhancement is conferred
by a C -- G transversion:

5'-GGGCT[C -* G]TTTG[A -- T]G
-145 -134

Conversely, T -* A transversion of the central thymidine
(asterisk) reduces SRY-p binding by at least 100-fold (data not
shown), consistent with the absence of A in this position in

site M3: previously characterized binding sites for TCF-la (26).
see Fig. These results demonstrate that SRY and homologous HMG
in assay. transcription factors have related but distinct DNA-binding
RYe. An specificities. Similar relationships among target sites are
8 to -56 found among other DNA-binding motifs [e.g., helix-turn-
y SRY-p helix, helix-loop-helix, and bZIP motifs (27)]. Among HMG
r-p; lane family members, such variation may provide a protein-DNA

lIane 4 recognition code to specify and resolve distinct regulatory
fa25 4M pathways.
absence Ontogeny of SRYe-Binding Activity. Sequential and over-
i in the lapping expression of SRY and MIS mRNA in the differen-
jGCT[C tiating testis, as previously reported (7, 22, 28), motivated
,, double study of the developmental regulation of SRYe-binding ac-
presence tivity in testicular nuclear extracts. To demonstrate a tem-
in each poral correlation between SRYe-binding activity and MIS
~Y Phos- expression, nuclear extracts were obtained from rat urogen-Al-nn.
lane 6,
e shifted
marked

18) sites.
nuclear

tal ridge
iti-HMG
sence of

nuclear extract (lane 1; control). The antiserum recognizes with equal
avidity the homologous HMG domain of IRE-A-binding protein (19)
and with 1/5th the avidity the HMG domain of mtTF1 (25) as
determined by ELISA. The total protein concentration in each lane
was normalized by using the Bradford assay and confirmed by
Coomassie-stained SDS/PAGE. No specific SRYe-binding activity
was observed in any nuclear extract after a freeze-thaw cycle.
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ital ridge microdissected at successive stages of embryogen-
esis, and the temporal pattern of SRYe-binding activity was
defined by gel-retardation assays (Fig. 4B). Extracts obtained
at embryonic day 12 from pooled urogenital ridges exhibit a
prominent gel shift (lane 2). Similar specific DNA-binding
activities were noted until day 16. This activity could be
blocked by a rabbit polyclonal antibody raised against SRY-p
(lane 3) but not by the nonspecific antibody MGH-1 (29). An
additional SR Ye-binding activity of decreased mobility was
observed in nuclear extracts obtained from postnatal day 2
testes. SR Ye-binding activity was not detectable in nuclear
extracts obtained from embryonic male limb (presumably a
non-sexually dimorphic tissue) or in nuclear extracts ob-
tained from female gonadal ridge or limb on embryonic day
14 (data not shown).

CONCLUSIONS
The SRYHMG box encodes an autonomous a -helical motif
that exhibits sequence-specific DNA binding at nanomolar
protein concentrations. High-affinity binding sites in the
promoters of sex-specific genes define a candidate SRY-
response element that is distinct from the target sites of
homologous HMG transcription factors. These results pro-
vide a foundation for the further dissection of the role ofSRY
in regulating downstream genes involved in gonadal differ-
entiation.

Note Added in Proof. SRY-p/SRYe peptide-DNA dissociation con-
stants obtained by gel-retardation experiments in the absence of
nonspecific competitorDNA [poly(dI1dC)] are in quantitative accord
with those obtained by DNase protection under similar conditions.
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